The Effects of Miconazole on the Ultrastructure of Candida albicans by Dr Sonja de Nollin and Dr M Borgers (Laboratory ofCell Biology, Janssen Pharmaceutica, Beerse, Belgium) The use of a new technique for the preparation of Candida albicans for electron microscopy makes it possible to obtain clear morphology of the control yeast cells (Fig 1) and allows a good follow-up of drug-induced ultrastructural alterations.
The experimental scheme adopted here is shown in Table 1 .
The changes in ultrastructure which occur after miconazole treatment are dose-dependent and time-related. On exposing cultures of C. albicans to fungistatic concentrations of miconazole and 1O-7M) for 24 hours, the morphologic changes were restricted to the cell periphery and consisted of proliferation of the plasmalemma and thickening of the cell wall ( Fig 2) . Numerous inclusions of varying size and electron density, limited by a thin osmiophilic membranous structure, were embedded in the walls.
Aggregations of these peculiar structures were frequent in areas with excessive thickening of the wall or in the vicinity of buds. At these doses the other subcellular organelles appeared to be unaltered except that lipid droplets were more frequently observed. At 1O-6M concentrations of miconazole, the volume of the cells increased markedly and the peripheral changes were more pronounced. In the cell interior, peroxisomes became numerous and the central vacuole was filled up with variably sized vesicles and aranular material.
With the minimal fungicidal dose (10-M) most of the cells suffered severe damage (Fig 3) . Disruption, from partial dissolution to complete loss of the plasmalemma was commonly observed. The same applied to the limiting membrane of the vacuole. Heavily swollen mitochondria, multiple fat deposits, dilated membrane fragments and aggregated ribosomes were noted in the disrupted cytoplasm. It was impossible to identify nuclei or nuclear remnants in such injured cells.
Of special significance was the observation that with a total fungicidal dose (10-4M) the remaining cells had a very regular unaltered cell wall whereas their interior was completely necrotic.
In order to gain more insight into the involutionary processes leading to cell necrosis, the distribution of hydrolytic and of oxidative enzymes was localized cytochemically.
In untreated cultures, acid and alkaline phosphatase activities were demonstrated in the central vacuolar system. A strong increase in alkaline phosphatase was noted after treatment and paralleled the amount of lytic material present in the vacuole. For acid phosphatase, miconazole treatment resulted in a change in the enzyme distribution pattern. Besides the reactive vacuole, the plasmalemma became positive, indicating that lysis of cellular material also proceeds at this subcellular level.
Cytochrome c-oxidase activity was found on the mitochondrial cristm of control cells. After exposure to a fungistatic drug dose, this activity decreased considerably whereas a minimal fungicidal drug dose imposed a complete abolishment of the activity. In contrast, NADH oxidase which in control cells is present in mitochondria and the vacuolar apparatus, was found increased after treatment with fungistatic or fungicidal treatment.
As for cytochrome c-peroxidase, a strong activity of this enzyme is present in mitochondria. After exposure to a fungistatic drug dose, the activity was strongly reduced and with the fungicidal dose no activity was detected any more. albicans culture exposed to afungicidal dose ofmiconazole. Afew apparently intact cells remain. Surfaces are smooth but are covered with vesicles, presumably the remains ofbroken cells. However, transmission microscopy shows that the interior ofthese cells is totally disrupted. Scanning electron micrograph ( x 7300) Catalase activity of the peroxisomes, by contrast, was strongly enhanced after fungistatic treatment, whereas a minimal fungicidal dose resulted in the total disappearance of this enzyme.
These cytochemical observations were confirmed by quantitative biochemical measurements of the enzymes activities.
From the ultrastructural findings on C. albicans, exposed to fungistatic doses of miconazole, it appears that the drug exerts its primary effect on the plasmalemma and the cell wall. Morphologic evidence for the action of miconazole at the level of the plasmalemma stems from the observation that the earliest alterations are displayed at the plasmalemma before any other organelle seems to be involved. The other cell constituents are involved when fungicidal doses are applied. The changes in the overall shape of the cells are probably due to an osmotic imbalance provoked by a drug-induced alteration in cell membrane permeability. The lysis of cytoplasmic components and the disintegration of the plasmalemma are irreversible changes that are indicative of cell death.
An alternate hypothesis on the possible mechanism by which miconazole exerts its lethal effects on C. albicans is provided by the data on the behaviour of oxidative and peroxidative enzymes. These data may be interpreted as follows (Fig 4) .
Control cells are equipped with a series of oxidative enzymes (NADH-oxidase, cytochromeoxidases) necessary for energy and metabolic requirements, and further with peroxidative enzymes (cytochrome c-peroxidase and catalase) to avoid accumulation of the peroxide which is formed during oxidative processes. It is well known that peroxide is highly toxic to the cells. The marked inhibition of cytochrome c-peroxi. dase activity after exposure of cultures to fungistatic doses of miconazole and the simultaneous response of catalase while NADH-oxidase remains very active is indicative of peroxide production and accumulation. When both peroxidase and catalase activities are abolished by treatment with the minimal fungicidal dose, although NADH-oxidase is still active, peroxide intoxication may occur and this is probably the cause of the cellular necrosis.
Summary
Ultrastructural changes in Candida albicans induced by increasing concentrations of miconazole in vitro are described. Fungistatic concentrations (10-8 to 10-7M) induced minimal morphologic changes at the cell periphery. At 10M cell volume increased and peroxisomes became numerous in the cell interior. The minimal fungicidal dose of 10-'M caused severe damage to most of the cell population and a total fungicidal dose of 10-4M caused total internal cellular necrosis even when cell walls remained intact. It is suggested that miconazole inhibits the peroxidative enzymes cytochrome c-peroxidase and catalase. Cell necrosis then results from peroxide accumulation.
